Objective: Incidence of HIV-associated non-AIDS (HANA) related comorbidities is increasing in HIV-infected individuals. Our objective was to estimate the risk of HANA comorbidity associated with history of injection drug use (IDU) correctly accounting for higher death rates among people who inject drugs (PWID).
Introduction
AIDS-related comorbidity and mortality in the modern antiretroviral therapy (ART) era has declined rapidly and non-AIDS-related causes of morbidity and death represent an increasing share of the burden of disease among HIV-infected persons [1] [2] [3] [4] . The apparent high incidence of HIV-associated non-AIDS (HANA)
Since early in the epidemic in the United States, injection drug use (IDU) has been an important risk factor for HIV acquisition. IDU is associated with poorer HIV-related outcomes and faster progression of HIV disease and death [11] . Furthermore, compared with persons who do not inject drugs (non-IDU) persons who inject drugs (PWID) have a higher prevalence of many risk factors for HANA comorbidities, in particular HCV coinfection, smoking, and alcohol use. Thus, a history of IDU may be an important predictor for incident HANA comorbidity. Yet, to our knowledge, the cumulative incidence of HANA comorbidities among PWIDs has not been described.
Our goal was to describe the occurrence of major HANA comorbidities among PWID compared with non-IDU, using competing risk methodologies to appropriately account for differences in survival between the two groups. Because PWID experiences higher risk of death than non-IDU, standard Cox proportional hazards models for HANA events may lead to incorrect inferences regarding the risk of HANA events (see statistical methods for more details). Competing risk methods facilitate fuller description of the risk of HANA comorbidities among PWIDs compared with non-IDU individuals.
Methods

Study population
The Johns Hopkins HIV Clinical Cohort (JHHCC) consists of all HIV-infected persons aged 18 years or older who enroll in HIV care at Johns Hopkins outpatient HIV clinic and consent to share their data (approximately >95% of persons who enroll into continuity care). The HIV-infected population in Baltimore, Maryland has a high prevalence of IDU, making the JHHCC well suited to study morbidity and mortality associated with IDU. For this study, we included all HIV-infected persons who enrolled in the JHHCC from January 1995 to May 2014. We excluded persons from analyses of specific HANA comorbidities if they had a validated diagnosis of the HANA comorbidity prior to the start of follow-up, with one exception: when modeling cancer incidence, we included all persons, regardless of prior cancer diagnosis, but only analyzed cancers that occurred in a different site as incident cancers. Collection of data on patients in the JHHCC, and this analysis of that data were approved by the Johns Hopkins Hospital institutional review board.
Patient characteristics including sex, race, age, HIV transmission risk factors, prior AIDS diagnosis, and prior use of any antiretroviral drugs were ascertained through conversations between patient and physician at enrollment. Patients who reported IDU as a possible source of their HIV infection were classified as PWID. Patients could report more than one possible source of their HIV infection (e.g., IDU and being a MSM). Baseline laboratory values and BMI were defined as those measured closest to the date of study enrollment, within a window 6 months prior to and 1 month after enrollment. Starting in 1996, tobacco use (ever/never), alcohol use (hazardous/any/none), cocaine use (ever/ never), heroin use (ever/never), and marijuana use (any current/none) were abstracted from patients' medical records every 6 months; we assigned patients to baseline categories for substance use based on the earliest data available. Because loss-to-clinic was not negligible and differential by IDU, if the (unobservable) incidence of HANA was different among patients lost-to-clinic than among those retained in care, a complete-cohort analysis may be biased. We controlled for this potential selection bias using inverse probability of censoring weights (see below) that were estimated based on time-updated laboratory values, BMI, AIDS diagnoses, and ART initiation. Time-varying covariates were updated whenever a patient was seen for routine clinical care. Median time between visits was 3 months [interquartile range (IQR): 2-4].
Outcome validation
We examined the incidence of non-AIDS-defining cancers, end-stage liver disease (ESLD), end-stage renal disease (ESRD), stroke and myocardial infarction (MI). Cancer diagnoses were validated at Johns Hopkins according to a protocol defined by the Centers for AIDS Research Network of Integrated Clinical Systems [12] . Possible ESRD diagnoses and ESLD diagnoses were identified according to a screening protocol developed by the North American AIDS Cohort Collaboration on Research and Design and validated by standardized medical records review at Johns Hopkins [13, 14] . Possible MIs and strokes were identified according to screening criteria standardized for the Centers for AIDS Research Network of Integrated Clinical Systems and subsequently validated by physicians participating in cardiovascular disease cohort studies [15, 16] .
Analysis
We completed separate analyses for each of five HANA comorbidities: ESLD, ESRD, stroke, MI, and non-AIDS cancers. Because HANA comorbidities were analyzed separately, patients could contribute HANA events to more than one HANA analysis. In each analysis, we followed patients from the latest of either enrollment into the JHHCC or their 25th birthday until they were diagnosed with an incident HANA event (type specific to the HANA being analyzed), died, were lost to clinic (1 year without having CD4 þ cell count or viral load measured), or were administratively censored (at 60 years or the end of administrative follow-up). End of administrative follow-up depended on the specific HANA comorbidity under investigation (MI, July 2012; stroke, September 2012; ESLD, May 2013; ESRD and cancer, May 2014).
We ran Cox proportional hazards models ('standard methods') to get cause-specific hazard ratios, and use competing risk methods [17, 18] to get cumulative incidence functions and calculate risk differences and risk ratios. Cause-specific hazard ratios provide insight into whether, among persons surviving to a given age, PWID have a higher instantaneous risk of developing a HANA. However, because risk of death is higher for PWID than for non-IDU, cause-specific hazard ratios may not correlate with the actual lifetime probability of developing HANA comorbidity [19] . Risk estimates from standard survival analyses (e.g., Kaplan-Meier curves, where people are censored when they die) are sometimes termed 'conditional' risks [20] because they represent risk of HANA comorbidity in a hypothetical world in which the competing event (in this study, death) does not exist. Appropriately accounting for competing risks results in a cumulative incidence or unconditional risk function (henceforth 'risk') that corresponds, more intuitively, to the proportion of the cohort who would experience the event by a given age. Cause-specific hazard ratios provide a summary of the relative rate of HANA comorbidities for IDU versus non-IDU, averaged across all ages. The absolute risks of each HANA comorbidity for IDU versus non-IDU at given ages may be more useful for planning and may be more intuitive when communicating with patients, because lay persons understand absolute changes in risk better than relative changes [21] .
We estimated the cumulative incidence of each HANA comorbidity according to age (25-60 years) to improve interpretation and to account for the strong association between older age and HANA comorbidity.
We adjusted for imbalances in the distribution of baseline covariates among PWIDs and non-IDUs using an inverse probability weights. Inverse probability of exposure weights (IPEW) [22] is a semiparametric extension of direct standardization. IPEWallowed for the estimation of disparities in the hazard and risk of HANA comorbidities and death associated with IDU that are not because of baseline covariates already known to be associated with HANA comorbidity risk, such as race, access to ART, or clinical stage at entry to care. The use of inverse probability of censoring weights (IPCW) [23] controlled for the possibility that loss-to-clinic was differential by IDU and that HANA comorbidity risk among those retained in care was different compared with those lostto-clinic. Final weights were the product of IPEW and IPCW. Applying these weights resulted in cause-specific hazard ratios and relative risks that represent disparities in HANA diagnoses associated with IDU, assuming all baseline covariates in the IPEW model had been equal for the two groups, and assuming we had been able to observe the entire cohort until an incident HANA, death, or age 60 (i.e. had no one been lost-to-clinic) [17, 24] . Risk differences and risk ratios were calculated empirically from cumulative incidence curves. Causespecific hazard ratios were estimated from inverse probability-weighted Cox proportional hazards models [25] . The proportional hazards assumption was checked by visualizing log (Àlog(survival)) curves.
We estimated the denominator of the IPEW [22] using a logistic regression model for the probability of baseline IDU, conditional on all covariates Table 1 excepting hepatitis B and C virus infection, and cocaine, heroin, or marijuana use. We did not adjust for hepatitis virus infection or illicit drug use because we believe they mediate the association between IDU and risk of HANA comorbidity. As mediators, they are potential targets for reducing disparities in HANA comorbidity risk associated with IDU [26] . We estimated the denominator of the IPCW [23] using a pooled logistic regression, pooling over age (in quarters), for the probability of remaining in care up to a specific age, conditional on covariates in the IPEW model, and time-varying ART initiation, log 10 HIV-1 RNA, CD4 þ cell count, and AIDS diagnosis. We stabilized IPEWand IPCW by the marginal probability of baseline IDU or remaining in care, respectively. Categorical variables were modeled with disjoint indicator variables and continuous variables were modeled using quadratic and cubic terms. We checked mean and range of the weights, expecting mean weight close to 1. Because some weights were large (>40), we also ran analyses using weights winsorized at the 0.1st and 99.9th percentiles [27] .
We used multiple imputations to handle missing data on baseline covariates (Table 1) . We generated 20 data sets in which we imputed missing values based on all available baseline data, age at end of follow-up, and incidence of any HANA event or death, stratified on IDU. We conducted all analyses outlined above in each of the 20 data sets, and combined estimates using Rubin's method [28] . We calculated the standard error for risk differences and risk ratios within each imputed data set from the standard deviation of estimates from 200 nonparametric bootstrap random samples drawn with replacement [29] . We calculated the standard error for hazard ratios within each imputed data set using a robust variance estimator [30] .
Results
Of 5490 HIV-infected persons enrolled in the JHHCC between 1995 and May 2014, the majority were men (66%), black (76%), and heterosexual (51%). The median age at enrollment was 40 years (IQR: 34, 46), median CD4 þ cell count was 268 cells/ml (IQR: 91, 463), and median log 10 HIV1 RNA was 4.3 copies/ml (IQR: 2.9, 5.0). Half of persons (55%) had prior exposure to antiretroviral medications and 27% had a prior AIDS diagnosis at enrollment. PWID comprised 37% of the study sample (n ¼ 2028). PWID were slightly older than non-IDU and greater proportion were black, ever smokers, hazardous drinkers, and coinfected with HCV. A smaller proportion of PWID reported MSM as another risk factor for HIV infection. IDU was not substantively associated with the probability of reporting any alcohol consumption, being coinfected with hepatitis B virus, having a prior AIDS diagnosis or prior exposure to antiretroviral medications. Median CD4 þ cell count and HIV1 RNA did not differ substantively by IDU ( Table 1) .
The highest crude incidence rate of major HANA comorbidities was for non-AIDS-defining cancer (8.90/ 1000 person-years), followed by ESRD (5.22/1000 person-years). The rate of ESLD was lowest among the HANA comorbidities investigated (2.08/1000 person-years) ( Table 2 ). The most common incident non-AIDS-defining cancers were lung (n ¼ 30), skin (excludes Kaposi's sarcoma; n ¼ 22), anal (n ¼ 19), and breast (n ¼ 17).
PWID consistently had higher risk of death prior to any HANA comorbidity diagnosis than non-IDU at all ages ( Fig. 1) For example, by age 55, risk of death prior to an ESLD diagnosis was 13.1% [95% confidence interval (CI): 6.5%, 19 .6%] higher among PWIDs than among non-IDU ( Table 1) . Risk of death before any other HANA diagnosis was similar, although not identical; risk of death before HANA diagnosis was higher for HANA comorbidities that tended to occur at older ages (data not presented). Even given higher risk of death, after standardizing on baseline covariates and adjusting for lossto-clinic, PWID had higher risk of ESLD and ESRD than did non-IDU (Fig. 1 ). The risk difference at age 55 for ESLD and ESRD was 6.8% (95% CI: À1.9, 15.5%) and 11.1% (95% CI: 1.2, 21.0%), respectively, comparing PWID to non-IDU. The magnitude of the risk difference 1450 AIDS 2016, Vol 30 No 9 for ESLD was driven in large part by one early ESLD case when there were few other PWID in the age risk set (see the large step in Fig. 1 ). Deleting the early ESLD case, brought the risk difference of ESLD at age 55 down slightly to 5.0% (95% CI: À3.2, 13.2%). Risk of stroke, MI, and non-AIDS-defining cancer were not significantly different among PWIDs and non-IDUs, although risk of non-AIDS-defining cancers was slightly lower among PWIDs compared with non-IDUs (risk difference at age 55 years ¼ À4.9%, 95% CI: À11.2, 1.3%). The most common non-AIDS-defining cancers among PWIDs were lung (19%) and liver (15%), compared with skin (12%), anal (11%), and lung (11%) among non-IDU.
Cause-specific hazards ratios showed similar trends to those seen in risk differences. PWID had a mortality hazard between 39 and 50% higher than non-IDU (Table  2) . PWID had a higher cause-specific hazard of ESLD (inverse probability-weighted hazard ratio ¼ 2.99, 95% CI: 1.30, 6.88%) and ESRD (inverse probabilityweighted hazard ratio ¼ 2.29, 95% CI: 1.43, 3.69%) compared with non-IDU. The cause-specific hazard of stroke was elevated among PWIDs but the association was not statistically significant (inverse probability-weighted hazard ratio ¼ 1.57, 95% CI: 0.80, 3.06%). The causespecific hazard of non-AIDS-defining cancer and MI was similar for PWID and non-IDU. The proportional hazards assumption was violated for ELSD, stroke, and MI, meaning that the cause-specific hazard ratios for these events varied over the 35 years of follow-up and the hazard ratios presented in Table 2 and herein are timeaveraged summary measures.
Discussion
In this cohort, cause-specific mortality hazard was approximately 50% higher among PWIDs than among non-IDU. The hazard of ESLD and ESRD were higher among PWID, which led to a higher risk of ESLD and ESRD among PWID at nearly all ages, even though fewer PWID survived to be diagnosed with a HANA comorbidity. This association remained even after standardizing on baseline covariates and potentially differential loss-to-clinic. However, PWID did not have a higher risk of all HANA comorbidities. Although the cause-specific hazard ratio for stroke comparing PWID and non-IDU was suggestive of a strong association, risk of stroke was similar in PWID and non-IDU, and possibly lower among PWIDs until age 40. The cause-specific hazard and risk of MI and non-AIDS-defining cancers was lower among PWIDs compared with non-IDU, although associations failed to reach statistical significance.
In this study, we examined risk of HANA comorbidities according to history of IDU. Our results should not be interpreted as the causal effect of continuous IDU. Because some persons reporting history of IDU subsequently ceased injecting drugs (and few if any persons with no history of IDU initiated injecting drugs) results probably underestimate the association between continuous IDU and HANA comorbidity and death. Furthermore, 'the' effect of IDU on HANA comorbidity risk likely varies according to type of drug injected, and frequency and duration of injection. Although we had some information on use of specific drugs from medical HIV-associated non-AIDS-related incidence and IDU Lesko et al. 1451 PWID and non-IDU groups standardized on: sex, age, race, baseline HIV transmission risk because of MSM or high-risk heterosexual sex, baseline smoking, alcohol use, BMI, prior antiretroviral therapy use, prior AIDS diagnosis, CD4 þ cell count, and viral load; also adjusted for potentially differential loss-to-clinic associated with all baseline variables listed here, IDU, and time-varying CD4 þ cell count, viral load, BMI, AIDS diagnosis, and ART initiation. record review, we did not have information on frequency and duration of drug use over time. Furthermore, documentation of drug use in the medical record was likely differential according to history of IDU. If we had attempted to estimate an association between timevarying use of specific drugs and HANA, such an imperfect measure of 'exposure' could lead to biased results [31] . History of IDU may be a more discriminating indicator of future HANA comorbidity risk than timevarying injecting behavior, anyway, because of the long induction period for all HANA comorbidities we investigated. Despite not distinguishing the many specific effects of IDU in this study, we believe our results are useful to HIV providers who may know patients' history of IDU but who do not have time or resources to collect current injecting behavior.
We estimated that IDU was associated with increased risk of ESRD. IDU was previously noted as highly prevalent among persons diagnosed with HIV-1-associated nephropathy [32] . In contrast to our results, in the ART Cohort Collaboration (ART-CC), IDU was not associated with hazard of renal-related mortality [2] . The ART-CC examined non-AIDS-related causes of death and is one of the only other studies to report cumulative incidence functions, which appropriately account for competing events by not censoring individuals experiencing a competing event. However, the ART-CC examined causes of death, not incident diagnoses, and therefore, may have been underpowered to detect an association between IDU and renal-related morbidity. We analyzed validated clinical diagnoses of HANA comorbidities rather than causes of death, which increased power (because individuals could contribute events to more than one analysis), and was more sensitive for the outcome (because a HANA comorbidity did not have to cause death to be included). Our findings suggest that IDU should be considered an important risk factor for ESRD. Age (years) Fig. 1 . Adjusted a cumulative incidence of five HANA comorbidities and cumulative incidence of death before ESLD diagnosis b , stratified by baseline IDU (dashed line, n U 2028) or non-IDU (solid line, n U 3462), by age, Johns Hopkins Clinical Cohort, 1995-2014. HANA, HIV-associated non-AIDS-related; ESLD, end-stage liver disease; ESRD, end-stage renal disease; MI, myocardial infarction. a PWID and non-IDU groups standardized on: sex, age, race, baseline HIV transmission risk because of MSM or high-risk heterosexual sex, baseline smoking, alcohol use, BMI, prior antiretroviral therapy use, prior AIDS diagnosis, CD4 þ cell count, and viral load; also adjusted for and potentially differential loss-to-clinic associated with all baseline variables listed here, IDU, and time-varying CD4 þ cell count, viral load, BMI, AIDS diagnosis and ART initiation. b Cumulative incidence of death, as well as risk difference and risk ratio associated with IDU were similar for all HANA comorbidities; we present death before ESLD as a representative example of the association between IDU and death before HANA comorbidity diagnosis. c AIDS-defining cancers include invasive cervical cancer, non-Hodgkin's lymphoma, and Kaposi's sarcoma.
Our finding that IDU is associated with ESLD is not surprising, given high prevalence of HCV coinfection and alcohol consumption among PWIDs [33] . Furthermore, among those with HIV/HCV coinfection, IDU is associated with increased rate of HCV disease progression [34] and liver-related mortality [2] . An estimate of how much of the increased risk of ESLD among PWIDs is mediated by HCV coinfection would be particularly useful in light of new, highly effective direct-acting antiviral treatment regimens for HCV. It is possible that new direct-acting antivirals for treatment of HCV [35] will reduce incidence of ESLD for both PWID and non-IDU in the future. However, IDU may be a barrier to HCV treatment [36] and it will be important to assess trends in HCV treatment and liver disease progression in this population.
Cause-specific hazard for non-AIDS-defining cancer was lower among PWIDs than among non-IDU in this cohort. In the ART-CC, IDU was associated with higher hazard of non-AIDS-related cancer death [2] . Few studies of cancer incidence among HIV-infected persons have specifically stratified on IDU. Investigations into incidence of specific cancers and their association with IDU could provide insight into these results, but we did not have enough incident cancers to stratify cancers further.
Although we did not observe increased risk of cardiovascular events among IDUs, PWID had a higher crude cause-HIV-associated non-AIDS-related incidence and IDU Lesko et al. 1453 specific hazard of MI and stroke. There is other evidence that PWID have a higher cause-specific hazard of cardiovascular causes of death [2] . Both heroin and cocaine use are in Baltimore, and cocaine is associated with acute MI and stroke [37] . The lack of association between IDU and risk of cardiovascular events may be because of high prevalence of noninjection illicit drug use among the non-IDU in our cohort. However, it may also be the result of appropriately accounting for competing events.
Our analysis has several strengths, including, first, proper accounting for death as a competing risk. Most prior studies have not used competing risk methods, which may explain some of the disagreement in the literature as to the association between IDU and HANA comorbidities or non-AIDS-related causes of death [2, 38] . Second, we used validated HANA comorbidity diagnoses, rather than relying on clinical diagnoses or cause-specific mortality. Third, we allowed individuals to contribute diagnoses to more than one HANA analysis. Because older HIV-infected patients often have multimorbidity [39] this increased our power. Indeed, 49 individuals in our cohort had more than one HANA comorbidity diagnosis. Finally, by presenting cumulative incidence curves ( Fig. 1) we have increased the interpretability of our results. Because not everyone enters the cohort at age 25 (i.e. we have late entries), one limitation of our analysis is that we must assume that HANA comorbidity incidence among younger PWIDs is a good substitute for the HANA incidence among older PWIDs, had we been able to observe them when they were younger. If older and younger PWID who entered our cohort were not comparable, we may have over (or under) estimated the risk of HANA comorbidities (Table 3 ).
In conclusion, the increased risk of ESRD and ESLD among HIV-infected PWIDs should be recognized and monitored. It will be particularly important to understand the mediating effect of HCV infection on this increased risk in light of the new treatments for HCV. Notably, we did not find evidence of an association between IDU and risk of stroke or MI, although the cause-specific hazard of stroke was slightly elevated among PWIDs. Finally, the risk of non-AIDS-defining cancers was actually lower among PWIDs than among non-IDU. PWID in our cohort have higher mortality rates than non-IDU and it will be important to understand the reasons for these higher rates. Our analysis indicates that to date, after for death as a competing event, PWID are not at increased risk compared with non-IDU for several HANA comorbidities that have become of increasing concern as HIV-infected persons survive longer.
